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A seismograph is a device that detects and records ground motion. The core of a seismo-
graph is called seismometer, which is essentially a spring-mass-damper system that moves,
relative to a base, proportionally to the magnitude of the ground motion. Seismographs are
frequently used for recording, locating, and predicting earthquakes, monitoring volcanoes
and other phenomena that create seismic activity (e.g. explosions). They are also useful
for studying the structure and composition of planets, and planetary seismology has been
gaining a lot of attention lately (e.g. NASA Mars Insight Mission [13]). It could provide
information about the existence of extraterrestrial life (e.g. Europa), habitability and history
of terrestrial planets. This thesis describes the concept for a miniaturized seismometer that
relies on the whispering gallery mode (WGM) of optical microresonators to measure ground
motion, which may benefit a wide range of applications. For example, in space exploration
the size and weight of devices is often critical, so making compact instruments (mass, vol-
ume, power consumption) could help bring down the payload burden and make room for
other instruments. Also, for planetary seismology having small seismographs would allow
the deployment of a larger number of them in different locations, providing more data about
a planet’s seismic activity.
This report starts by presenting the motivation for developing a microseismometer in Sec-
tion 1.1, followed by the current state-of-the-art in seismometry and previous applications of
optical WGM in Section 1.2 and 1.3 . In Chapter 2, an overview of the concepts behind the
sensor is provided. The WGM phenomenon is explained in Section 2.1, followed by an anal-
ysis on mode tunning and acceleration measurement through perturbation of the evanescent
field (2.2, 2.3 and 2.4). Chapter 3 describes the numerical approach used throughout the
research. Section 3.1 explains the Finite Difference Time Domain (FDTD) electromagnetics
1
solver used for simulations while 3.2 introduces the resonator geometry. An optimization of
the transmission spectrum is developed by performing a parametric study in Chapter 4. An
analysis of WGM shifts due to a changes in the refractive index of surrounding media and
perturbation of evanescent tail is presented in Chapters 5 and 6. Finally, Chapter 7 describes
how the evanescent field perturbation approach can be used to measure acceleration.
1.1. Motivation
The motivation for this thesis arises from the possible need for small seismometers for
planetary exploration. Delivering a payload to another planet is an expensive endeavor
with many constraints. The NASA Mars InSight mission cost about $1B with a payload
of ∼ 700kg [31] and will deploy various instruments including a seismometer called SEIS
(Seismic Experiment for Interior Structure), which weights around 29.5kg with power input
of up to 8.5W [32]. A future mission to Europa to unveil the structure beneath the icy
surface and discover whether the planet could host life, may employ a seismometer. With
the growing reliability on seismology for planetary exploration, it is time to take a new
approach for building seismometers.
Commercially available seismometers are usually large but can be useful to monitor seis-
mic activity in one direction or create a network to collect data in 3 orthogonal axes. Al-
though some commercially available seismographs are small (e.g. Raspberry Shake 3D [36]),
they often have small bandwidth and are not suitable for a wide range of applications.
Technological advancements tend to push devices toward smaller size and now may be the
appropriate time to conceive of micro-size seismometers, which could be deployed from the
mundane to more sophisticated application such as planetary seismology.
1.2. State-of-the-Art in Seismometry
There are various modern designs of seismometers that implement a spring-mass system
but use different approaches to measure ground motion, mainly by generation of an electric
signal proportional to the motion. The most common digital devices used in seismology are
2
geophones and broadband seismometers. Although there are various different classifications,
we will discuss only force-feedback and strong-motion which have very modern implementa-
tions that could be used for comparison with the seismometer proposed here.
Geophones are some of the most common devices used in seismology and are used to
measure ground motion in terms of velocity at low frequencies. The underlying principle
is based on a mass, covered by coiled wire, suspended by a spring and surrounded by a
magnet. The motion of the mass relative to the magnetic case creates a voltage in the wire
that is proportional to the ground velocity. Geophones can have variations to that described
here (e.g. suspended magnet serving as a proof mass, surrounded by metal case covered by
coiled wire) but the principle is the same. They are usually useful in seismic refraction for
recording waves generated by a relatively strong phenomena such as explosion. For instance,
the NASA Lunar Seismic Profiling Experiment (Dec 7, 1972) employed four geophones to
collect data on the structure of the Moon based on seismic refraction [30]. By detonating
explosives on the surface of the Moon, it was possible to generate seismic waves that were
then recorded by the geophones at around 10Hz. The refracted waves provided information
about the elastic properties of near surface layers [30]. Earlier geophones were limited to low
frequencies. Modern geophones have larger bandwidth, some even reaching nearly 240 Hz
(e.g. SM-24) [29].
A force-balance seismometer is similar to a geophone, however, it is an inertial device
that tries to hold the proof mass in place when a force acts upon it. The force, provided
by a negative feedback loop, required to keep the mass fixed with respect to some reference
frame, is proportional to the ground velocity. Figure 1.1 illustrates the principle behind a
force-balance seismometer. One of the most important benefits of this kind of seismometer is
that the mass does not need to be displaced in order to measure ground motion. Without the
feedback loop the movement of the mass would be limited by the dimensional constraints of
the system limiting the instrument’s dynamic range. On the other hand, the power/energy
required to maintain the fixed mass increases when the amplitude of the base motion is large,
which could make this device power hungry and unsuitable for some applications due to the
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circuitry required for its functioning.
Figure 1.1: Diagram of conventional and force-balanced seismometer [40]
Strong motion accelerographs (SMA) are mostly used when the ground motion is very
strong. An SMA is also an accelerometer to measure ground acceleration. The accelerometers
used in SMA are similar to the ones used to trigger airbags in cars, which have been around for
some time and have various principles of operation (e.g. piezoelectric, capacitative, optical).
In general, SMAs are less sensitive than force-balance seismometers and geophones but have
a wider range of acceleration measurement (up to tens of g’s), which makes them essential
for recording earthquakes that have potential to damage the recording site. In Earthquake
engineering SMAs are very important, since they can monitor natural and man-made (i.e.
ground vibration due to railroad) seismic activity and the response of structures.
The most modern implementation of a seismometer deserving the state-of-the-art title is
the Seismic Experiment for Interior Structure (SEIS), which is designed specifically for the
Martian environment. In simple terms, the SEIS is composed of three very broad band (VBB)
inverted pendulums, one for each spatial direction, that consist of flexible rods, fixed to a
base, with a mass at the tip. Since, an inverted pendulum is a very unstable system, small
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disturbances could unbalance the mass, thus, springs that are circularly arranged around
the pendulum apply a force to restore it to its initial position. Although the pendulums
are orthogonal between themselves, they are inclined about 32.5◦ off the horizontal plane.
This allows for purely vertical or horizontal motion to be distributed among the pendulums,
thus, allowing the noise also to be distributed among them which increases the signal to
noise ratio. The measurement of motion is achieved by displacement sensors that track the
position of the mass. Additionally, the system has other devices to aid the seismometer, such
as, the Thermal Compensation Device Mechanism, which as the name suggests compensate
for the deviation of the natural frequency of the pendulum due to temperature variation, the
Balance Mechanism, which adjusts “the equilibrium position of the seismic sensor’s moving
part and fine-tune the SEIS seismometer pendulums to Martian gravity” [38]. The SEIS is
an intricate system that incorporates a wide range of technology to help its performance.
However, this system is still susceptible to electrical noise. The surface operations of the
NASA InSight mission will last approximately 2 Earth years and the SEIS will provide
information that reveals the interior of Mars.
The seismometers (sensing element) described in this section are still fairly large and
heavy compared to the one proposed in this thesis, particularly the terrestrial ones. While
they can be accurate, sensitive, broadband and have large dynamic range, some of their
benefits could be achieved by a small optical micro-seismometer. The currently proposed
device can address the issues related to ground motion strength, bandwidth, sensitivity and
dynamic range, with a simple approach.
1.3. Previous Optical WGM Resonator Applications
Whispering gallery modes of circular geometry dielectric cavities and their optical reso-
nances can be excited by tangentially coupling into them narrow-line laser light. Typically,
tunable lasers are used for this purpose. By tuning the laser frequency over a range, several
optical modes can be excited sequentially. For the circumferential modes, the following is
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Figure 1.2: SEIS VBB pendulum 3D model [38]
the approximate condition for resonance excitation (m 1) [18]:
2pinr = mλ , (1.1)
where λ is the laser wavelength in free space, m is the mode number, r and n are the radius
and the refractive index of the resonator, respectively.
The sensor application exploits the fact that an incremental change in the refractive











The configuration of various WGM sensors described in this section consists, basically, of
a laser, optical fiber, resonator and photo-detector (PD), as illustrated in Fig. 1.3). The laser
is frequency modulated to produce a signal with the desired profile (e.g. ramp, sawtooth,
sinusoidal) that is useful for measurement. The light (EM wave) from the laser is sent through
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two different fibers by a 90/10 splitter (in power) and both fibers are connected to PD that in
turn are linked to an analog-to-digital converter (A/D). A personal computer (PC) is used to
display the signal of both PDs with the appropriate software for the measurement. The fiber
with 10 percent of the light is used as reference, while the remaining 90 percent is coupled to
the micro-resonator and serves to transmit information about the optical resonance locations.
The signal coming from the resonator fiber is normalized by the reference. As the frequency
of the laser changes, light couples into the resonator and according to the resonant condition
described in 1.1, the WGMs are observed as sharp dips in the transmission spectrum (through
the 90 percent fiber). The PC makes it possible to track the WGMs as the conditions near
the resonator change. The displacement of resonant frequencies is called WGM shift and is
defined in Eq. 1.2. These are the key concepts behind most WGM sensors.
Figure 1.3: Scheme of a WGM sensor (not drawn to scale)
A number of devices have been proposed recently that rely on WGM shift to measure a
wide range of physical inputs, including but not limited to, pressure, [21] force, [18] electric
[15] and magnetic field, [22] [23] acceleration, [24] species concentration [17] and temperature
[14]. For pressure, two applications of WGMs have been demonstrated: a wall pressure and
a static pressure sensor. In the former, a micro-sphere is compressed by a membrane which
is exposed to a fluid flow on the other side, such that the pressure applied to the sphere by
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the membrane is proportional to the WGM shift due to deformation [28]. In the latter, the
deformation of the sphere due to hydrostatic pressure (uniform) is measured using the WGM
sensor [21]. A force sensor has also been demonstrated by placing a micro-sphere between
two metal plates and compressing it in the poles (see Fig. 1.4) such that the equatorial
radius, where light is coupled, changes causing WGMs to shift [18]. Additionally, a highly
sensitive force sensor was considered by testing resonators of different dielectric material [16].
Extensive efforts have also been invested in electric field measurement using WGM shift
[15] [25] [35]. The concept has been demonstrated by placing a micro-sphere between two
electrodes, which create an external electric field that deforms the sphere by electrostriction,
defined as “elastic deformation (strain) of a dielectric material under the force exerted by an
electrostatic field” [15]. Magnetic field WGM sensors have also been proposed. Similar to the
electric field sensors, a polymeric micro-sphere either containing a conducting shell [23] or
embedded with polarizing particles [22] is placed between a permanent magnet and coil that
generate a static or oscillating magnetic field. The conducting shell or polarizing particle
cause the sphere to deform in the presence of a B-field, which translates to WGM shifts in
the signal. A WGM-based accelerometer has also been investigated by attaching a polymeric
micro-sphere to a rigid base. The acceleration of the base causes the sphere to deform (see
Fig. 1.5), therefore, a relationship between acceleration and WGM shift is established [24]. In
this approach, the sphere resonator acts not only as a transducer but also as the proof mass.
A species concentration sensor based on WGM has developed based on second order effects.
As will be shown in Section 5.1, the refractive index of the surrounding media can influence
the resonant condition. The efficacy of a WGM concentration sensor was tested by placing a
micro-resonator in deionized water and incrementally adding potassium carbonate solution.
The WGM shift, caused by changes in the refractive index of the surrounding medium,
was then measured to determine the concentration of the added solution [17]. In biology,
WGM sensors have been used for nanoparticle detection which has the potential to identify
viruses [27]. In velocity measurement, a proof of concept sensor based on Doppler and WGM
shift has been demonstrated by collecting light scattered from a moving object. The scattered
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light is filtered with a WGM resonator and the location of the dips in a periodic signal, with
respect to time, change due to the Doppler Shift or object velocity [2]. WGM sensors are
useful for detecting physical stimuli and are a sub-category of opto-mechanical transducers,
which can combined with a field programmable gate array (FPGA) and other systems to
create a complete sensor. Since a lot of theoretical and experimental work have been done
to better understand WGMs, most applications focus on how to transmit mechanical inputs
to the resonator. This makes WGM resonators useful for various applications.
A temperature sensor based on WGM of a micro-sphere has also been demonstrated [14].
Changing temperature leads to variations in both the radius (thermal expansion) and the
refractive index (thermo-optic effect) of the resonator. The shift due to temperature change
can be expressed as [14]:
∆λ
λ
= α∆T + β∆T = (α + β)∆T ,
where α and β are the (linear) thermal expansion and thermo-optical coefficients, respec-
tively, and are material properties, that once known, can be used to create and calibrate a
WGM-based temperature sensor. Experimental results show very good agreement between
the proposed sensor and a thermocouple [14].
Figure 1.4: Micro-sphere compressed by a force F [18]
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Figure 1.5: (left) Undeformed micro-sphere attached to a base; (right) Deformed micro-
sphere due to acceleration of the base [24]
An optical micro-resonator-based sensing element for seismology has been demonstrated
in US Patent No. 8,743,372 [9]. Figure 1.6 shows the sensing elements and provides a
comparison with a US Quarter for scaling purposes. The proposed system relies on a proof
mass to compress a spherical resonator and due to deformation, the resonances shift, which
is different than the approach presented in this report. The present approach discussed in
this report does not require physical contact between the resonator and the vibrating mass.
The device is very small and light-weight. It can measure acceleration with high resolution.




2.1. Whispering Gallery Mode Phenomenon
The phenomena of WGM was first described by John William Strut (commonly known as
Lord Rayleigh) in late 1800s. He observed that sound waves of certain wavelength traveled
along the concave surface inside St Paul’s Cathedral and it was possible for a talker to
“whisper” to a listener in another point on the surface (Fig. 2.1). Although WGM initially
described acoustic waves, the same terminology is used to describe the equivalent optical
phenomena. In fact, Lord Rayleigh employed geometrical optics to explain WGM in “Theory
of Sound” [10], which is also a more intuitive way to present optical WGM.
Figure 2.1: Talker and listener in St. Paul’s cathedral [33]
In simple terms, optical WGM occur when light (or any other electromagnetic wave)
traveling tangential to a circular path couples to its circumference such that the optical path
length is a multiple integer of the wavelength of the light. Fig. 2.2 is a computational solution
of a 5µm-radius disk resonator with refractive index of 1.45 under resonance condition. The
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WGM is excited by a Gaussian pulse from a point source placed near the surface of the ring
on the outside. The resonance condition is described by Equation 1.1, which is a first order
approximation (for λ r). The left-hand side of 1.1, is the optical path length (OPL), and
indicates that the resonances depend on the shape and size of the resonator. Thus, they are
a subclass of morphology dependent resonators (MDR) [8].
Figure 2.2: Optical WGM
From Eq. 1.1 it is evident that the resonant wavelength, for a given mode number m,
can be tuned by changing the refractive index and/or the radius. An approximation to
quantify the change in resonant wavelength is given by Eq. 1.2. This equation says that an
incremental change in refractive index or radius of resonator leads to a change, δλ, in the
resonant (WGM) wavelength. This is the key concept behind most WGM sensors mentioned
in Section 1.3. For example, changing the temperature of the resonator can cause both the
refractive index and radius to change, quantified by, thermo-optical and thermal expansion
coefficients (see Section 1.3), allowing to relate temperature and shift.
Unlike traditional interferometers (e.g. Fabry-Perot), which function by trapping light in
between two partially coated mirrors, WGM resonators achieve a high optical quality factor,
Q = λ/δλ, by confining light in their perimeter and because of its circular or elliptical
shape, light is smoothly reflected. The circular nature of the resonator shape results in
much reduced optical (energy) losses, hence longer distances traced by an average photon.
12
This results in much smaller δλ and significantly larger Q. The Q-factor is an important
parameter/property because it explains how well energy can be stored in a resonator taking
into account losses (e.g. absorption, scattering). Moreover, the resolution of the resonator
is inversely proportional to the Q, thus, it is desirable to achieve large values of Q. For an
ideal lossless resonator, the Q-factor is infinite which would correspond to δλ = 0, extremely
sharp dips (i.e. Dirac Delta) in the transmission spectrum, and unlimited resolution. Real
resonators, however, have non-zero linewidth but can achieve high Q-factors that satisfy the
resolution requirement for most applications. In our laboratory Q-factors of ∼ 107 [18] have
been observed for silica spheres that have a theoretical limit of ∼ 1010 [12].
Figure 2.3: Idealized transmission spectrum
Q-factors are usually extracted from the transmission spectrum. Typically after collecting
the experimental data, a Lorentzian fit is applied to a dip to estimate the Q. Fig. 2.3 shows
an ideal transmission spectrum from which typical WGM parameters can be extracted.The
parameter δλ is also called “full-width-half-maximum” (FWHM), which, as explained earlier,
can be used to determine the Q-factor. The distance between two consecutive dips is the
13





and it is important because it allows the determination of the number of dips that fit in the
linewidth of the laser.
When working with WGM resonators, coupling is often critical to the value of the Q-
factor. There are three main mechanisms used to excite WGM: free-space, fluorescent and
evanescent waves. Free-space coupling is the illumination of the resonator and thereby
tangential coupling of light to excite WMGs (see Fig 2.4). Although this form of direct
coupling could eliminate the need for a guiding structure, there are many difficulties that
come with its implementation because it is very sensitive to alignment, coupling angle and
distance between light beam and cavity. Additionally, radiative exchange between high-Q
and free-space is small, rendering this form of coupling less efficient [11].
Figure 2.4: Free-space coupling between a circular resonator and Gaussian beam [41]
Fluorescence coupling is a variation of the free-space method, but it relies on spontaneous
emission of fluorescent particles. When the resonator is illuminated, the fluorescent particles
emit light and excite various modes in the cavity, but the low-Q modes decay quickly and
only the high-Q ones remain (i.e. WGMs). The problem with this mechanism is that it is not
efficient and yields underwhelming Qs. For example, experiments with fluorescent coupling
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using R6G-doped resonators resulted in a Q ∼ 103 [37] [20] [19]. Further, the resonator
material needs to be impregnated by the fluorescing substance.
Figure 2.5: Evanescent coupling into a circular resonator [33]
Finally, in evanescent coupling the resonator is placed in the evanescent field of a guiding
structure. Fig. 2.5 depicts this schematically where 1 is the resonator, 2 is the waveguide and
3 indicates the evanescent field of the light moving from left to right. When light propagates
through a structure (i.e. waveguide), due to tunneling some of the light travels outside of
the structure boundaries, called the evanescent wave. The area where this wave travels is
described as the “evanescent field”. The more commonly known guiding structures that
exhibit an evanescent wave are: prism, waveguide and tapered fiber. Waveguides have been
widely employed in silicon photonics to guide EM waves and couple them into resonators [5].
In our laboratory, we frequently taper single mode fibers by heating and pulling such that the
core is exposed, then use them to couple light into spherical resonators and excite WGMs.
Evanescent coupling is the most commonly used approach in WGM applications because it
is efficient (up to 80% with prism [11]) and easily controllable.
2.2. Mode Tuning via Evanescent Field Perturbation
Similar to the guiding structures described in the previous section, an optical resonator
also has an evanescent field. This field is adjacent to the outside surface of the resonator
and its strength decays exponentially in the outward radial direction. One can think of this
field as the sensing range of the resonator. Events that happen in the evanescent field can
disturb the modes excited in the resonator, thus, it is possible to tune WGMs by controlling
the events occurring in the evanescent field. The implication is that no physical contact
is required between the resonator and another structure to tune the modes. This is the
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approach taken in the design proposed here.
The micro-seismometer discussed in Section 1.3 can be used for a comparison between
different approaches for a micro-resonator-based seismometer. The approach used in US
Patent 8,743,372 is illustrated in Fig. 2.6. A force acting on the microsphere causes it to
deform and the mode shift (∆λ) is proportional to the change (∆r) in the radius (r) where
the WGM is located. Consequently, the transmission spectrum shifts as shown in Fig. 2.8.
The force that compresses the sphere is provided by a proof mass that responds to a seismic
input (acceleration), thus, the profile of the force is proportional to the acceleration of the
proof mass, base or ground. The proof mass and the sphere must maintain physical contact
at all times so no seismic activity is missed.
Figure 2.6: Compression of micro-sphere by a force
Figure 2.7: Illustration of displacement of the perturber due to a force, F
In the approach presented in this thesis, no physical contact between the resonator and
the perturber is required (or desired). The role of the perturber is similar to the proof mass
because it responds to the seismic input. When a force acts on the dielectric perturber (see
Fig. 2.7), it is displaced inside the evanescent field, which causes a change in the average
refractive index in the vicinity of the resonator and due to a second order effect, a shift is
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observed in the transmission spectrum (see Fig. 2.8). The interaction between the perturber
and the evanescent field is complex but it provides the ability to track the position of the
perturber. Moreover, similar to the physical contact requirement in the previously discussed
micro-seismometer, it is required that the perturber stays in the evanescent field at all times.
Figure 2.8: Shift in the transmission spectrum due to applied force
The shift due to compression or second order effects is illustrated in Fig. 2.8. The
resonant wavelengths (λi) are shifted by ∆λ(F ) and are now located at λ
′
i. This is the
principle of measurement of the proposed WGM sensor. Continuously tracking the location
of the WGMs is equivalent to monitoring the position of the perturber, which is proportional
to the force acting on it. With the information about the position, one can determine the
velocity and acceleration of the perturber, and indirectly the force acting on it.
2.3. Acceleration Measurement via Evanescent Field Perturbation
The concept of acceleration measurement naturally arises from the analysis presented in
the previous section. The displacement of the perturber (a dielectric material) can be used to
perturb the evanescent field and, hence, shift the resonators WGM. What that displacement
represents is somewhat arbitrary. In the micro-sensor proposed here, the displacement cor-
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responds to the response of a proof-mass to the movement of a base to which it is attached.
One could argue that for this reason, the device should be called an accelerometer rather
than a seismometer, however, there is not much difference between those two classifications
and the device proposed here fits both categories depending on the application.
For both seismometer and accelerometer, the analysis focuses on the natural frequency
and the amplitude and phase response (e.g. Bode diagram) of the system because it is
desirable to know at what range of frequencies the response is flat and how amplified and
non-linear it becomes near, at, and past the resonance. This helps categorize the non-
linearity of the data from the seismograph/accelerograph and correct it accordingly, or choose
a bandwidth at which the output is reliable (flat response). Seismometers are typically used
for small acceleration (i.e. a < 1g) at low frequencies (measure vground) and the ones used
for strong ground motion and high frequencies (measure aground) are generally categorized as
accelerometers (or SMAs), which can properly measure acceleration larger than 1g, usually
up to 4− 5g. The range determines the classification.
In the previous section the displacement was described as being caused by a force, which
corresponds to the acceleration of the proof-mass (perturber), since force = mass × accel-
eration. While the force F could be applied directly to the perturber, here it is considered
the net force due to changes in the base motion (i.e acceleration). For example, if the whole
system (i.e. base and perturber) is at rest and the base is accelerated, due to inertia, the
proof-mass would be displaced from its equilibrium position with respect to the base pro-
portional to the acceleration. Consequently, the evanescent field can be tuned by controlling
the acceleration of the base.
The base could be accelerated by a seismic input or simply a moving body (e.g. car).
In the former, the acceleration tends to be small (a < 1g) and at low frequencies, while in
the latter, the acceleration is usually large (a > 1g) and at a wide range of frequencies. The
focus of this work is on seismic input, so the evanescent field can be perturbed by ground
acceleration resulting in a shift of the resonator WGM.
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2.4. Acceleration Analysis
Seismometers and accelerometers are essentially spring-mass-dampers with base excita-
tion due to ground motion (Fig. 2.9). To better understand their working principle it is
often convenient to look at the mathematical formulation. The equation of motion for a
simple spring-mass-damper that undergoes base excitation is [39]:
y¨r(t) + 2ζωny˙r(t) + ω
2
nyr(t) = −y¨b(t) , (2.2)
where y¨b is the acceleration of the base, yr is the displacement of the mass relative to the













ratio. Eq. 2.2 is also known as the seismometer equation [39].
Figure 2.9: Spring-mass-damper system with base excitation, adapted from [7]
The steady-state solution of Eq. 2.2 with a harmonic base motion, yb(t) = Yb sin(ωt), is
expressed as:
yr(t) = Yr sin(ωt− φ) (2.3)
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where Yr and φ are the amplitude displacement and phase of the mass relative to the base,












where γ = ω/ωn is the ratio of base frequency (ω) to the natural frequency (ωn), and
a(= ω2Yb) is the amplitude of the base acceleration. Equations 2.4 and 2.5 above are useful
to characterize the response of the system in terms of the driving frequency ω.
Although the seismic input is typically not a simple harmonic, the Bode plot (Yr and
φ vs ω) analysis can be applied. The reason is that any seismic data can be decomposed
to a summation of harmonics using Fourier transform. The response to each individual
harmonic could be computed using Eq. 2.3, 2.4 and 2.5, but it is easier to visualize the
relationship between the displacement of the mass and the acceleration of the base with
different frequencies from the Bode plot. Additionally, there are numerical algorithms that
can be used to compute the response of a second order system to a non-harmonic discrete
time input.
Typically, for seismometers and accelerometers the Bode plots are provided, which can





3.1. Finite Difference Time Domain Analysis
Maxwell’s equations describe the propagation of electromagnetic waves. Frequently,
due to the difficulty in finding exact solutions, various numeric methods are used. The
most well known are, Finite-Difference-Time-Domain (FDTD), Finite-Difference-Frequency-
Domain (FDFD), Finite Element Method (FEM) and Beam Propagation Method (BPM),
each with their advantages and shortcomings.
To model the phenomena of mode tuning via evanescent field disturbance, the open-source
software package called MIT Electromagnetic Equation Propagation (MEEP), that employs
the FDTD method to solve Maxwell’s Equations, was used because it is well documented
and easy to use. Additionally, the FDTD method offers the ability to excite multiple modes
with a single run/simulation since it allows the use of a Gaussian pulse which contains a
range of frequencies [34], as will be discussed later.
The FDTD method is a numerical algorithm which employs “leap-frog” time stepping
to compute ~E(t) from ~E(t − ∆t) and ~H(t − ∆t
2
), and ~H(t + ∆t
2
) from ~E(t) and ~H(t − ∆t
2
)
and uses a staggered Yee grid [26], which automatically satisfy the divergence requirement
of Maxwell’s Equations. Ultimately, this method provides the transient behavior of the EM
field. Although this method seems strange at first because the values of ~E are computed at
time t, and ~H at t+ ∆t, for small time steps the accuracy and smoothness of the results are
satisfactory.
To obtain consistent results, the spatial resolution and time-step are linked by the Courant
factor Cf = c∆t/∆x (where c is the speed of light in vacuum, ∆t is the time step and ∆x is
the spatial resolution). The spatial resolution ∆x is defined in terms of the highest refractive
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index. For the work presented in this thesis, Cf = 0.5 and ∆x ≤ λn/8 (λn is the wavelength
in the refractive index medium) guarantees the convergence of the solution and gives accurate
results. These requirements help maintain a fixed relationship between the number of data
points per wavelength and period so that a wave can be well captured in both space and
time.
3.2. Wave Propagation Through Waveguide-Resonator System
To better understand the results presented in this work, it is important to establish how
a wave propagates through a system that has a guiding structure and a resonator. We
start by looking at how a wave propagates through a simple dielectric waveguide and add
components to the geometry as we progress. For simplicity, the first results presented are
in 2D and ~E = E(x, y)zˆ. The computational cell is truncated by perfect matching layers
(PML), which can absorb waves with no residual reflections at the domain boundaries (see
Fig. 3.1). The cell dimensions sx and sy are defined in terms of the resonator radius and
the width of the waveguide. A PML with thickness (dpml) of 1px is sufficient to absorb the
waves.
Figure 3.1: Computational cell dimensions
3.2.1. Waveguide
First, the propagation of a Gaussian pulse through a simple dielectric Silica (SiO2)
waveguide is studied. The refractive index of SiO2 at 640nm is ∼ 1.45. The goal of this
step is to establish how the power (P ∝ | ~E|2), through the waveguide can be measured. In
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MEEP, this can be achieved by putting a flux plane (line in 2D) at the end of the waveguide,
which gives us the power as function of the wavelength, P (λ) = Re nˆ ·∫ Eλ(x)∗×Hλ(x) d2x.
For simplicity, we use a plane wave since the goal of this work is not to explore the modes
of the waveguide but rather the interaction between the evanescent field and the resonator.





As Fig. 3.2 shows the pulse generated by a Gaussian line source on the left end of the
waveguide and propagates to the right as single mode. The power, P (λ, t1), is measured at
the right end of the waveguide at the flux plane t1 shown in Fig. 3.2a.
(a) Location of S and t1 (b) Propagation of wave (c) Wave exiting
Figure 3.2: Simulation of wave propagation in a waveguide
The power P (λ, t1) for this example is a Gaussian distribution (see Fig. 3.3). That is
to be expected because the Fourier Transform of a Gaussian is also a Gaussian. However,
in the time domain the source S is a combination of a complex exponential (harmonic) and
a Gaussian. Another feature of Fig. 3.3 is that the power becomes very small far from the
center, so to avoid precision errors, it is best to use only the central part of the spectrum, up
to 10nm away from the peak location on each side. Moreover, P (λ, t1) for a simple waveguide
case is useful for normalization of the subsequent steps because it is a reference, similar to
the 10 percent waveguide in Fig. 1.3.
3.2.2. Waveguide and Disk
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Figure 3.3: Power through port (t1) waveguide
When a disk resonator is placed adjacent to the waveguide, the profile of P (λ, t1) changes
because the power drops at resonant wavelengths. This is evident from Fig. 3.4, which is a
snapshot in time of the resonator with multiple modes excited, including additional radial
modes. Also, shows that light scatters from the resonator to the surroundings. This means
that not all of the light reaches the end of the waveguide. The flux plane corresponding to
the case in which the resonator is present is called t2, which is at the same location as t1.
Henceforth, P (λ, t1) refers to waveguide only and P (λ, t2) refers to waveguide and resonator.








Figure 3.4: Coupling to a disk resonator
Plotting P (λ, t2) through the waveguide (see Fig. 3.5), it is observed that the amplitude
of the Gaussian decreases at some wavelengths. To better visualize the drop, the power
P (λ, t2) is normalized by P (λ, t1). This is important because it helps eliminate the bias
from the Gaussian pulse so resonances can be analyzed and compared. The normalized
transmission spectrum is useful to determine the resonant wavelengths of the disk. From
here on, the observations will be based on the normalized transmission spectrum.
Figure 3.5: Transmission spectrum of a disk resonator
3.2.3. Waveguide and Ring
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Next, a ring resonator is placed adjacent to the waveguide. The transmission spectrum of
the ring is slightly different than that of the disk and Fig. 3.4 and 3.5 show that inner radial
modes can be excited in the disk (short broad dips). In the ring resonator, those additional
radial modes are suppressed (see Fig. 3.6 and 3.7).








Figure 3.6: Coupling to a ring resonator
In this work ring and disk resonators are used interchangeably, but the main benefit from
using a ring is that the there is no need to consider the excitation of inner radial modes.
However, additional features in the transmission are useful for cross-correlation algorithms
that track the location of the dips [2]. Additionally, WGMs in the disk have higher Q
values than those in the ring. However, they require longer simulation times to compute a
clear transmission spectrum. Typically, in our laboratory, we use resonators of ∼ 500µm
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Figure 3.7: Transmission spectrum of a ring resonator
in diameter but due to limitations in available computational resources, it is preferable to
present the sensor concept using small resonators. This makes possible to perform numerical
simulations with a reasonable computation time.
In this chapter the numerical approach used to model evanescent wave coupling between
waveguide and resonator was presented. Additionally, it was shown that the a number of
modes in the resonator can be excited from a single Gaussian pulse. The transmission spectra
of the signal through a waveguide near a resonator is presented and it is possible to locate
the WGMs. In the following chapters the transmission spectra are used to measure WGM
shift, which is a key concept for the sensor presented in this thesis.
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Chapter 4
EFFECT OF WAVEGUIDE-RESONATOR GAP ON TRANSMISSION SPECTRUM
The coupling distance between the resonator and the waveguide is an important param-
eter in the expected performance of a waveguide-resonator system. The Q-factor and power
coupled into the resonator are critically dependent on the coupling distance. Therefore, it is
important to find the optimal coupling distance for a given application. At a certain value
of the gap the resonator energy and Q-factor are maximized. In this chapter, the effects of
the coupling distance on the transmission spectrum are analyzed.
Figure 4.1: Schematic of a double-bus ring resonator
The configuration of a waveguide-resonator system for this chapter’s study is shown in
Fig. 4.1. This is a generic scheme that is suitable for single (g2 → ∞ or w2 = 0) and
double waveguide, and ring and disk resonator (wr =
d
2
= r). In the following sections, the
influence of g1 and g2 on the transmission spectrum is assessed. The flux planes t1, t2 and t3
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are commonly know as add, through and drop ports. The normalized power P2(λ) =
P (λ,t2)
P (λ,t1)




spectrum through the second waveguide, when both waveguides are engaged, the system can
be viewed as an optical switch.
4.1. Parametric Study of Optical Coupling
To study the influence of coupling distance on the transmission spectrum, a single-
waveguide disk resonator setup is used. The radius, r, of the disk is 5µm, and the width
of the waveguide, w1, is set to 0.25µm. The gap between waveguide and disk is gradually
increased by 0.05µm steps from g1 = 0. The results are shown in Fig. 4.2. Additionally,
Table 1 shows Q as the distance is varied.






The results indicate that Q increases as the separation between resonator and waveguide
becomes larger. This is expected because when the WGMs are excited, some light still
couples from the resonator back to the waveguide, which leads to additional loss. A large
separation reduces that loss because as the modes decay, the resonator gradually loses the
ability to couple light back into the waveguide. On the contrary, when the separation is
small, the loss increases, which leads to poor a Q-factor with broader resonances (dips).
The effect of the gap on the power coupled into the resonator is not straightforward.
When the waveguide is very close to the resonator, the coupling is poor and the light is
lost to the surrounding media rather than confining to the surface of the resonator. At large
distances, little light is coupled into the resonator because the intensity in the evanescent field
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(a) g1 = 0.00µm (b) g1 = 0.05µm
(c) g1 = 0.10µm (d) g1 = 0.15µm
(e) g1 = 0.20µm (f) g1 = 0.25µm
(g) g1 = 0.30µm (h) g1 = 0.35µm
Figure 4.2: Transmission spectrum for various coupling distances (observed at t2)
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of the waveguide decreases as we move away from its surface. However, there is an optimal
location for the resonator where a significant portion of the waveguide power is stored in the
WGMs. Around g1 = 0.2-0.3µm, sharp dips begin to form in the transmission spectrum.
Although a large separation leads to high Q, beyond the optimal coupling distance, the
power coupled into the WGMs starts to decrease (Table ??), thus, a compromise between
resonator Q and power is required. The transmission spectra in Fig. 4.2 indicate that for
g1 = 0.2-0.3µm, the Q and power are reasonable and the resonances are well localized.
Table 4.2: Q-factor and power relative to input power












*Power coupled into mode (1− P2)× 100%
4.2. Double Waveguide System
Another way to observe resonances is to use a second waveguide. This configuration
is sometimes called double-bus ring resonator, (see Fig. 4.1) as used in optical switches.
The purpose of the second waveguide, in this study, is to collect light only from the res-
onator. With this approach, it is possible to compute the transmission spectrum through
both waveguides simultaneously. In the configuration shown in Fig. 4.1, the main benefit
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of having a second spectrum is that only light from the resonator couples into the bottom
waveguide, thus, the spectrum shows spikes at resonant wavelengths (rather than dips as in
the former case).Fig. 4.3 shows the evolution of the transmission spectrum as g2 is varied.








The major drawback is that Q decreases because the resonator couples light back to the
top and bottom waveguides. However, the reduction in Q might not be very significant (i.e.
less than one order of magnitude) as shown in Table 4.4. In practice, it might suitable to
have a second waveguide because the coupling between fiber and waveguides (t1 and t3 ports)
can be done in the same side of the chip.
Table 4.4: Q-factor and power ratio for different g2 values









The results presented in this chapter provide us with information about the performance
of the waveguide-resonator system(s) and its dependence on the gap(s). The optimal gap
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(a) g2 = 0.00µm (b) g2 = 0.05µm
(c) g2 = 0.10µm (d) g2 = 0.15µm
(e) g2 = 0.20µm (f) g2 = 0.25µm
(g) g2 = 0.30µm (h) g2 = 0.35µm
Figure 4.3: Transmission spectrum for various coupling distances (observed at t3)
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for a single-bus-resonator configuration is g1 = 0.25µm and for a double-bus-resonator, the
values are g1 = 0.25µm and g2 = 0.20µm, based on the coupled power. These values will be
used in the numerical computations presented in the following chapters.
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Chapter 5
EFFECT OF SURROUNDING MEDIUM ON MODE SHIFTS
So far, the resonant condition has been described by Eq. 1.1, which is a first order
approximation and does not take into account the properties of the medium around the
resonator. This chapter describes the effect of the refractive index of the surrounding media
on the performance of the resonator. The theory behind the second order effect is presented
from a ray optics point of view and helps explain the influence of the surrounding media on
the resonator.
5.1. Ray Tracing Analysis
(a) (b)
Figure 5.1: Ray optics schematic of WGM and TIR, adapted from [17]
In simple terms, when WGMs are excited, the light inside the resonator experiences total
internal reflection (TIR) at the surrounding-resonator boundary. The requirement for TIR
is that the angle of incidence has to be larger than the critical angle, which depends on the
ratio of the refractive indices of the surrounding and the resonator (i.e. θc = sin
−1(n2/n1),
see Fig. 5.1). Therefore, as the refractive index of the surroundings increases, so does the
critical angle (with a limit θc → 90◦). For resonances, the angle of incidence θi ∼ 90◦, so
that the rays can be smoothly reflected along the resonator surface, which is equivalent to a
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large number of reflections. Part of the incident wave/ray crosses the boundary and is lost
on scattering. As the critical angle gets closer to the angle of incidence more of the rays are
lost to scattering through the boundary. Thus, Q decreases as θc → θi. The relationship
between location of resonances and n2 is not straightforward.
A more rigorous mathematical approach for a spherical resonator that takes into account
the refractive index of the surroundings is provided in [17]. The resonance condition for the
transverse electric (TE) and the transverse magnetic (TM) modes are given in Eq. 5.1 and
5.2 below [17]. From these two equations, it is evident that at very high mode numbers
(e.g. m > 1000), the m term dominates the right hand side, which can be approximated










)2 , for TE (5.1)
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)2 , for TM (5.2)
The above equations are also useful to determine the resonance shift due to changes in the
refractive index of the surrounding media. By differentiating Eq. 5.1 and 5.2, the equations























The shift, ∆λ, is proportional to the change in refractive index, thus, a redshift in the
transmission spectrum is expected when ∆n2 > 0. This concept will be useful in Chapter 6.
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Finally, as explained earlier, the refractive index of the surrounding media also influences


















where ηm() is the spherical Bessel function of the second kind, k2 =
2pin2
λ
is the wavenumber in
the surrounding medium, r1 = n
2
1 and r2 = n
2
2. It is important to note that the expressions
above only consider radiation losses, which is not the only loss mechanism in the simulation
because light in the resonator is coupled to the waveguide(s). Although Eq. 5.5 and 5.6
are for a two-dimensional resonator, they are useful for comparison and validation of the
numerical results.
5.2. Numerical Results
A single waveguide-disk (see Fig. 3.4) configuration is used to study the second order
effects. The refractive index and radius of the disk are n1 = 1.45 and r = 5µm. The index
of refraction of the surrounding media (n2) is slightly increased by 0.01 from 1.00 to 1.10.
The transmission spectrum for varying ∆n2 is computed, along with Q and ∆λ. The results
are consistent with the equations from the previous section.








Figure 5.2: Transmission spectra for different values of ∆n2
From Fig. 5.2, it is evident that the spectrum shifts to the right (redshift), the resonance
broadens and more power is lost as ∆n2 increases. This is in line with Eq. 5.3 and 5.5.
Additionally, Table 5.2 shows that the value of ∆λ predicted by Eq. 5.3 and the numerical
method are not the same but fairly close. The divergence in the WGM shifts could be due to
Eq. 5.3 predicting that ∆λTE is linearly proportional to ∆n2, which is not the case for the
numerical simulation. As pointed out previously, Q from numerical methods include more
losses than Eq. 5.5 due to the presence of the waveguide(s), particularly, because of coupling
from the resonator to the waveguide and a slightly higher refractive index of surrounding
media. This is confirmed in Table 5.2.
5.3. Evanescent Tail of Resonator
For the seismometer proposed in this thesis, it is important to assess the profile of the
evanescent field. The energy distribution (∝ | ~E|2) in a disk is investigated. The result
is shown in Fig. 5.3, which indicates that the field decays exponentially outside of the
resonator. The implication is that a linearly progressing disturbance of the evanescent field
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Table 5.2: Q-factor and WGM shift for different ∆n2 values
∆n2 ∆λ(pm) ∆λTE(pm) Q QTE
0.00 0 0 1.06× 104 1.14× 109
0.01 187 110 9.00× 103 5.00× 108
0.02 385 220 7.48× 103 2.24× 108
0.03 597 330 6.07× 103 1.02× 108
0.04 823 440 4.84× 103 4.77× 107
0.05 1063 551 3.79× 103 2.27× 107
0.06 1321 661 2.92× 103 1.10× 107
0.07 1595 771 2.24× 103 5.47× 106
0.08 1885 881 1.72× 103 2.77× 106
0.09 2195 992 1.33× 103 1.43× 106
0.10 2526 1102 1.04× 103 7.56× 105
is not linearly proportional to the mode shift (∆λ), as will be explained in the next chapter.
Additionally, knowing the profile of the evanescent field helps decide how to disturb the
evanescent field for optimum sensor results.








In this chapter the influence of the refractive index of the surrounding medium on the
performance of the resonator was determined. In practice, the results presented are similar
to an experiment in which a liquid or gas surrounding the resonator, undergoes changes
in its refractive index due to a change in the concentration of a solution [17]. In the next
chapter, the concepts presented here are used to lay the foundations for an optical micro-
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Figure 5.3: Plot of E2z,avg(r)
seismometer, where part of the surrounding medium is altered by inserting a dielectric solid





In this chapter the optical concept behind the seismometer is presented. It builds from
Ch. 5 but the difference is that it is desired to cause the modes to shift by disturbing the
evanescent field with a dielectric material. In other words, the average refractive index of
the surrounding medium is partially changed by placing a dielectric solid in the EF of the
resonator. The parameters of interest are the perturber shape, the WGM shift and the
distance between resonator and perturber.
6.1. Two-Dimensional Resonator
A good starting point is to set up a waveguide-ring with an added rectangular block/perturber.
We will call this r-block. A 5µm-radius silica (n1 ≈ 1.45) ring resonator with width
wr = 0.25µm is used from here on. The length and width of the block are 5µm and 2µm,
respectively. Based on Fig. 5.2, the refractive index of the block is chosen as 1.1, because it
creates a large ∆λ without significantly decreasing Q. The distance between the resonator
and the perturber is 0.2µm. Fig. 6.1a is a time increment of a simulation which clearly
shows that the evanescent wave goes through the perturber. This loss of energy results in a
decrease in Q-factor.
A simulation with a curved block (c-block) is also performed. A time increment is shown
in Fig. 6.1b and it is evident that a more significant portion of the evanescent wave will be
exposed to the c-block than the r-block, because of the curvature. Indeed the c-block causes
larger mode shift (107pm) than the r-block (35pm), as shown in Fig. 6.2. For this reason,
we proceed to work with the c-block since large shifts can be linked to a greater dynamic
range and sensitivity of the seismometer.
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(a) Simulation with r-block (b) Simulation with c-block
Figure 6.1: Waveguide-ring system with different perturber shapes













Figure 6.2: Resonance position in the transmission spectra with r-block and c-block at 0.2µm
distance
6.2. Three-Dimensional Resonator
6.2.1. Block Motion in 2 Directions
In the 3D simulations, the geometry shown in Fig. 6.3 is uniformly extended to a height
of 0.5µm in the z-direction (normal to the page). The resolution is lowered because the
computational time increased significantly and becomes impractical. Next, we consider the
y-displacement of the c-block to observe how the spectrum shifts as function of the distance
between the perturber and the resonator, Sy, as shown in Fig. 6.3. The results suggest that
the WGM shifts faster as the distance decreases (see Fig. 6.5), the spectra corresponding to
large separation overlap and are barely distinguishable (Fig. 6.4). Fig. 6.5 shows that the
shift is exponentially proportional to the distance, so it can be expressed as:
∆λ = Ae−B Sy , (6.1)
where the parameters A and B can be obtained from the best exponential fit. This equation
is useful to convert displacement to shift, and vice-versa, which in an important part of the
functioning of the seismometer proposed here. Although the relationship ∆λ-Sy is not linear,
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it does not discourage us from proceeding with the design, since the non-linearities can be
calibrated out.











Figure 6.3: Scheme y-displacement of c-block (XY cutaway, not drawn to scale)
A second approach is to displace the c-block vertically at a fixed distance with Sy =
0.2µm. This represents a c-block movement along the height of the ring resonator (Fig.
6.6). The shift due to the vertical displacement of the block is shown in Fig. 6.7. As
expected, when the c-block and the ring are level to each other, the spectrum has the largest
shift. It is important to note that for a height larger than 0.25µm, the c-block is completely
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Figure 6.4: Transmission spectra shift due to distance between block and resonator
Figure 6.5: Shift vs relative position, Sy, of c-block and exponential fitting
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higher than the ring, yet the shift is non-zero beyond that height. This could be due to
the evanescent field extending not only normal to the vertical and horizontal faces of the
resonator but also oblique to both surfaces.












Figure 6.6: Scheme vertical displacement of c-block (YZ cutaway, not drawn to scale)
The c-block can only move in the y and z directions as described earlier. Displacement
in the x-direction could lead the c-block to overlap with the ring resonator, which in reality
means that the c-block might collide with the resonator and that is not desirable for the
design proposed here. There is also a concern when the c-block moves in the y-direction but
it is easier to make a design that accommodates the requirements in y rather than x. With
knowledge about how the displacement of the block is restricted, one can proceed to design
a mechanical structure that moves in the y or z directions, for the geometry described in this
section. An additional approach that was not explored here, is moving the r-block along the
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Figure 6.7: WGM shift in transmission spectra due to vertical displacement of c-block (Sz)
x-direction. This could be very useful because it might be easier to fabricate than a c-block
and useful for an inverted pendulum seismometer.
6.2.2. Double Ring Arrangement
The evanescent field is present on the top face of the resonator and it can be used to
shift the spectrum. To test this idea, a second ring, that has the same dimensions as the
resonator and with refractive index of 1.10, is placed above (concentric) the resonator as
shown in Fig. 6.8.
The separation between the bottom face of the top ring and the top face of the bottom
ring (which is the resonator) is used to shift the WGM. The WGM shift due to the varying
distance is shown in Fig. 6.9. This approach yields a very large shift at small distance
(Sz = 0, ∆λ = 4625nm) which could be useful for a highly sensitive seismometer.
6.3. Discussion of Results
Table 6.5 shows a summary of the WGM shift for each approach presented in this chapter.
The WGM shifts listed are those relative to no block in the vicinity of the resonator.The
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Figure 6.8: yz-plane cut away of geometry with a second dielectric ring above (not drawn to
scale)
Figure 6.9: WGM shift in Transmission spectra due to vertical displacement of second ring
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Note: Resonator and perturber have the same dimensions
largest shift was achieved by the two concentric rings geometry, which might be due to the
volume of the perturber to which the evanescent field is exposed. The horizontal displacement
of the c-block (Fig. 6.3) could yield a larger shift if the width was increased. The current
width of the c-block is the same as the radius of the resonator, so making the block as wide
as the diameter of the ring could yield very large shifts. The vertical displacement of the
c-block does not give a very large shift, but by changing the horizontal distance (Sy) and
the width of the block, large WGM shifts could be achieved. The main benefits of this
approach over the other two, is that it is symmetric (above/below) and has wider range of
motion that can be measured, which might be beneficial for some applications. With the
three approaches presented here, one has options on how to design the perturber.
With equations and results presented in previous sections, it is now possible to determine
the resolution of our sensor. Q determines the smallest shift that can be measured (δλ). If






Table 6.5: WGM shift (pm) for different approaches
Sy or Sz (µm) c-block vert. c-block horiz. ring above
0.0 152 1395 4625
0.1 125 357 653
0.2 107 152 152
0.3 71 62 45
0.4 62 27 9
0.5 36 18 9
0.6 18 9 0
0.7 9 9 0
0.8 9 0 0
0.9 9 0 0
1.0 9 0 0
which can then be related to δyr, the smallest displacement that can be resolved. Considering














Using Eq. 2.4, the resolution of the acceleration measurement (δa) is expressed as:
δa = ω2n
√







where the derivative term can be evaluated using Eq. 6.1. Moreover, Eq. 6.5 shows that the
resolution, δa, of the seismometer depends on both mechanical and optical characteristics
of the system, as expected. The equation above will be useful in the next chapter when the
properties of the system are defined.
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Although the resolution δa cannot yet be determined, the displacement and shift measure-
ment resolutions can be calculated. Assuming that the wavelength λ = 0.640µm, Q = 106,
and that the block is located at 0.1µm, then the estimated resolutions δyr and δλ are 129pm
and 0.640pm, respectively.
All the results provided in this chapter give us a guideline for the design of the per-
turber. Each approach have its benefits and drawbacks but the main limitation is probably
the fabrication. Some of the motion described here might be difficult to replicate with a
mechanical structure. The approach in which the c-block moves towards the resonator is
enough to justify a comprehensive analysis. Additionally, based on Eq. 6.5, the resolution





The results presented in this chapter can be used as a guide to the design of a seismometer.
The vertical approach has great potential because it produces very large shifts but it might
be difficult to design the structure for it, mainly because of the alignment between both
rings. Depending on the scale of the geometry, aligning two very small rings might not be a
feasible task. Assuming that the rings can be aligned, a combination of the vertical approach
and the design used in [9] (see Fig. 2.6) could be used to devise a seismometer, by having
the ring built into the proof mass. The same can be said about the case in which the c-block
moves vertically.
The horizontal displacement of the c-block produces less shift than the 2-ring vertical
approach but it is simple to study. The main benefit is that the c-block can be simply
made of the same material as the substrate on which the ring is sitting, thus, they can be
made into a single structure fabricated as a monolithic system. This eliminates many of
the concerns (e.g. block material) and all that would be left to do is to design a structure
with the desired response. Following this approach, in the next section, the modeling for the
c-block is presented.
7.1. Structure of Perturber
A simple yet flexible approach is to attach the perturber to the base by supports (or
arms) that behave like cantilevers (see Fig. 7.1a). Initially, we assume that the material of
the perturber and substrate have the mechanical properties of Silicon (Si) but with refractive
index of 1.10.
To simplify the analysis, the structure is converted to a simple spring-mass-damper sys-
tem by considering that the arms behave like cantilevers and the structure only moves in
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[4] and it is the same for all arms/supports. Since, the resulting springs
are in parallel, the total stiffness is K = Nkcantilever and the total mass of the system can
be computed using the volume of the structure and the density (ρSi = 2329kg/m
3) [6].
The Young’s modulus is ESi ≈ 170GPa [6], the moment of inertia can be calculate from
I = 1
12
w3H [4] and the damping coefficient is set to 50% (ζ = 0.5). Additionally, the block
is approximated to have a rectangular cross section, rather than the curved front, with four
arms (N = 4). The dimensions of the perturber are given in Table. 7.1.
Table 7.1: Dimensions of perturber




Arm width w 0.5
Arm length l 2
To validate the method described above, the natural frequency of the whole structure is
estimated with COMSOL, which has an FEM solver and allows us to use a refined mesh. The
natural frequency from the spring-mass-damper approximation is ωn = 1.06× 108(rad/sec),
and from COMSOL we get ωn = 1.82 × 108(rad/sec) (Fig. 7.1b), so, the approximation is
fairly accurate and we can proceed with our analysis using the spring-mass-damper model.
The response of the system to a harmonic input can be obtained by using Eq. 2.3, 2.4 and
2.5. Fig. 7.2 shows the Bode plot of the perturber and it suggests that the block displacement
in terms of the base acceleration is flat for a wide range of frequencies, up to near the resonant
frequency. Assuming a = 1m/s2, the displacement amplitude is small (8.94 × 10−11µm)
because the supports/arms are short and the stiffness is large (K = ω2nM = 1328.12N/m).
Thus, it takes a very strong force to displace the perturber, but this is expected because a
2µm-cantilever made of silicon is very rigid, essentially immovable. Therefore, it is necessary
to lower the stiffness and one way to do it is by increasing l. Table 7.2 shows the effect of l
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(a) Geometry of block (b) First eigenmode of block
Figure 7.1: Model of c-block structure described in Table 7.1
on the parameters K, ωn and δa.
Figure 7.2: Frequency response of the perturber described in Table 7.1
One of the benefits of the “cantilever” supports, is that the sensitivity can be simply
changed by adjusting l. For instance, if it is desired that a given acceleration a corresponds
to a δ displacement, the easiest way to achieve this, is to adjust the length of the support,
which can be calculated for the the desired sensitivity. Using the definition of stiffness
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Table 7.2: Effect of support length (l) on different parameters
l (µm) ωn (rad/s) K (N/m) δa (g)
2 1.06 · 108 1328.12 1.28 · 105
10 9.11 · 106 10.62 946.07
20 3.08 · 106 1.33 108.40
100 2.14 · 105 1.06 · 10−2 0.52
200 6.17 · 104 1.33 · 10−3 4.34 · 10−2
1000 2.88 · 103 1.06 · 10−5 9.46 · 10−5







which gives the arm length for the desired sensitivity. Similarly, if a resolution δa is required,









which allows us to get the desired performance without the need to try different values for l.
7.2. Setting a Reference
The next step one might take is to set the references (position and output) with respect
to the measurements to be made. First, it is necessary to select the equilibrium position of
the perturber. Using the case described by Fig. 6.3, the equilibrium position of the block
is chosen as y0 = 0.1µm . A more intuitive design would tells us if the block has moved
forwards or backwards with a positive or negative acceleration. Starting from Eq. 6.1 a new
function ∆λr(yr) that shifts the line such that ∆λr(0) = 0, can be expressed as:
∆λr(yr) = Ae
−B yr − C ,
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where C = ∆λ(y0). The only change remaining is a horizontal shift such that the new
function crosses the origin. Additionally, the position yr is replaced by −yr. The new
function is now:
∆λr(yr) = Ae
B (yr−y0) − C , (7.3)
and as Fig. 7.3 show, the function has now shifted vertically and horizontally so that at the
equilibrium point the shift and position are zero.
Figure 7.3: Plot of ∆λr(yr)
Now that ∆λr(yr) is centered at (0,0), the maximum allowable displacement that the
block can have is 0.1µm. In the new coordinate system when the block moves toward the
resonator, the shift is positive and when the block retracts, the shift is negative. In this way,
the reading of ∆λr can oscillate (+/-) with the relative displacement of the block (yr). The
geometry with a reference is shown in Fig. 7.4.
The dynamic range (DR) can now be estimated. The DR is defined as the ratio of
maximum and minimum output that can be measured and in our case this corresponds to
amax = ω
2
ny0 and amin = ω
2









Figure 7.4: XY cutaway of geometry with a reference
and it indicates that the DR depends on the maximum allowable displacement (geometric
constraint) and the resolution δyr, so adjusting the stiffness K merely defines the acceleration
range that can be measured. The implication is that increasing Q can greatly improve the
performance of the sensor but there is a trade-off with the evanescent tail, so a compromise
has to be made. Furthermore, a larger shift can also improve the DR and this can be
achieved by different approaches or by changing the geometry of the perturber. For the
design presented in this section, the DR is 775.19 or 57.89 dB.
7.3. Results with El Centro Data
As a proof of concept, we tested the structure designed above with data from the 1940
El Centro earthquake [4]. In this case, the sensitivity is set to 0.01µm per 1g, which results
in l = 369.40µm, ωn = 1.96× 104 rad/s and δa = 0.043m/s2 = 4.40 · 10−3g.
To determine the time response of the system to an arbitrary input, the Python Control
Systems Library (python-control) is employed [3]. Fig. 7.5. shows the response of the
system to seismic data from the El Centro earthquake. The top plot is the input ground
acceleration data from the earthquake. The response of the block yr(t) is calculated using
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python-control and is shown in the middle plot, then yr is converted to WGM shift using
equation 7.3. The range of motion of the block, in response to the input, is above the
resolution of the system (δyr = 129pm), thus, the result is valid. In practice, there should
not be |∆λr|< δλ = 0.640pm in the output signal but since this is simply a proof-of-concept
that requirement is ignored.
Figure 7.5: Response of the system to seismic data from El Centro earthquake
The profile of ∆λr is, as expected, a seismogram. Although it might not be evident, the
non-linearity is actually still present in ∆λr but we have a way to convert it to accelera-
tion taking into account the non-linearity. Eq. 7.3 can be modified to obtain the relative
displacement of the block as:






























Equation 7.6 readily gives us the profile of the ground acceleration. The design is now
complete because we can measure an unknown seismic input a from the output ∆λr.
In this chapter, a possible design for a micro-optical seismometer based on WGM shifts
was demonstrated. Additionally, the steps to create a c-block as an evanescent field perturber
with a desired sensitivity has been explored. The only caveat is that the for high sensitivity,
the length of the cantilever beam must be much larger then the width of the block, therefore,
the structure might deflect downward due to gravity. However, for very small structures that
might not be of great concern since the mass is very small, thus, a suspended perturber could




In this thesis, the concept of an optical micro-seismometer based on the evanescent field
disturbance of WGMs has been presented. The device proposed here is compact, light-
weight, accurate and could be suitable for a wide range of applications, for which it would
replace traditional bulky seismometers. Additionally, unlike typical seismometer transducer
unit that relies on electronic circuitry to measure the ground motion, this micro-seismometer
relies on an optical resonator and, therefore, is less likely to suffer from electronic noise. The
current-state-of-the-art (SEIS) is large, heavy, and susceptible to electronic noise, thus, there
is a need for a different approach in seismometry and a WGM-based micro-seismometer might
be the answer. The proposed design shows that the accuracy, sensitivity and dynamic range
required by many applications could be potentially achieved with this small seismometer.
The design and optimization of the resonator-waveguide system have also been presented.
The single and the double waveguide resonators have been explored but due to geometric con-
straints and lack of a significant performance improvement in the latter, the single waveguide-
resonator was selected for demonstration. A parametric study of the resonator-waveguide
gap led to the finding of the optimal coupling distance, that the gives the combination of
coupled power and Q-factor. Although Q improves as the gap increases, beyond an optimal
distance the coupled power decreases significantly.
The WGM shifts were demonstrated using the optimized waveguide-resonator geometry.
First, the shifts were produced by completely changing the refractive index of the surrounding
medium, which showed that there is a trade off between large shifts and Q-factor. Next, a
dielectric solid (perturber) was used to disturb the evanescent field and generate shifts in the
WGMs. A range of size and shape of the perturber was considered and the results indicate
that a curved shape provides larger shifts. The effect of the displacement of the perturber on
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the WGM shifts was also modeled, which provided guidance for the design of the structure
of the perturber. The horizontal displacement of a curved block was chosen as the desired
motion for the mechanical modeling.
A simple yet flexible structure that can capture the ground motion and transmit it to the
perturber was designed. Using cantilever-like supports, the perturber was attached to a base.
This structure was reduced to a simple spring-mass-damper system and the ground motion
was modeled as base excitation. The dynamic range, sensitivity and resolution were linked
to the optical and mechanical characteristics of the system, such as Q-factor and stiffness.
As a demonstration, the optical seismometer model was tested using seismic data from the
El Centro earthquake. The response of the system shows that the seismometer can accurately
measure ground motion (acceleration). Additionally, the output WGM shift presented is
indeed a seismogram.
This work presents the concept for the design of an WGM shift based micro-seismometer
which has the potential to benefit various areas. The results are encouraging and the realiza-
tion of the micro-seismometer proposed here could inspire the design of other WGM based
sensors. Performing difficult tasks with smaller devices is one of the goals of technological
advancement and the proposed micro-sensor is a step in that direction.
In the future, it will be necessary to find materials that have the mechanical and optical
properties suitable for the seismometer concept presented here. The approach used in this
thesis can be employed to design a device with more realistic inputs. The effect of temper-
ature on both WGM shift and natural frequency will need to be assessed. Also, a different
solver may be employed for the numerical simulation of large resonators. Experimental work
on WGM shift due to evanescent field perturbation is currently underway and will, hopefully,
show that an optical micro-seismometer is feasible.
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